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a shock tube,  using s p e c i f i c  absorp t ion  spectroscopy t o  fol low the  

concen t r a t ion  of CN r a d i c a l s  a s  a func t ion  of  t i m e  behind the  shock 

wave. T h i s  i n v e s t i g a t i o n  i s  similar t o  the previous ly  s tud ied  d i s so -  

c i a t i o n  of cyanogen, bu t  t h e  k i n e t i c s  a r e  much more complex because 

of  t h e  p o s s i b i l i t y  of r e a c t i o n s  involving t h e  un l ike  r a d i c a l s  CN 

and C1. 

' A mechanism involving s i x  r eac t ions  i s  proposed; t h e s e  

account f o r  all f e a t u r e s  cha rac t e r i z ing  the  observed r e s u l t s .  

Values f o r  some r a t i o s  of r a t e  cons tan ts  have been obtained by 
I 

d i r i e c t  a n a l y s i s  of t h e  CN absorp t ion  curves. A method of t r i a l  

ZuTve f i t t i n g  using a d i g i t a l  computer was used t o  deduce t h e  

a b s o l u t e  values  of t h e  r a t e  cons tan ts  f o r  t he  important s t eps .  
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INTRODUCTION 
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The heat of formation of CN is still subject to debate. 

Among the recent reports on this quantity, two shock tube studies 

gave 109 and 99 kcal/rnolel’*; mass spectrometric investigations 

- 

of cyanogen, cyanogen halides and cyanoacetylenes led to 89 
kcal/mole 3 , while a mass spectrometric analysis of the vapor 

tures gave 109 kcal/mole 4 . 
in equilibrium with nitrogen and graphite at eleva%ed tempera- 

Of equal interest are the rates 

and activation energies of dissociation of C2N2 and XCN 

(X = halogens, -C2H). In general, similarities between the 

characteristic features of the dissociation of the halogen 

diatoms and these compounds are to be anticipated’; the CN 

group behaves as a rigid unit but it possesses more degrees 

of freedom than does a mass point. Also at sufficiently high 

temperatures, the two CN’s react to produce N2 + C2. A shock 

tube study of the pyrolysis of BrCN, in the temperature range 

2500 - 7000°K has been reported 6 ; the kinetics was followed 

from the emission of characteristic radiation by CN and C2. 

This is a preliminary report on a shock tube study of the 
I\ dissociation of ClCN over the temperature range 2000 - 2 8 0 o U ~ ,  Y 

as followed by absorption at ( 0 , O )  band head of the B2 C+ --+ X2 

of CN (h3883) ,  using the technique developed for the study of 
1 the C2N2 dissociation . Attempts were made to obtain both the 

from equilibrium conditions far behind the shock front, AHLss 
and the kinetics of the process from the shock front structure. 

In the former, we have not yet succeeded. The latter proved 

c+ 

much more complicated than the analogous dissociation of C2N2 
i 
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' because of t h e  r e l a t i v e l y  l a r g e  number of r e a c t i o n s  i n  which t h e  

products of t h e  i n i t i a l  d i s s o c i a t i o n  can p a r t i c i p a t e .  

EXPERIMENTAL 

Cyanide ch lo r ide  was obtained from t h e  American Cyanamid Co. 

It was condensed a t  -78"~ (dry ice/acetone) and pumped-on to r e -  

move v o l a t i l e  i m p u r i t i e s .  

w i th  Matheson 99.9989 argon, i n  12 l i t r e  bulbs.  These were 

allowed to stand overnight before use.  Mass spectrometr ic  

a n a l y s i s  showed tha t  t h e  small water peak i n i t i a l l y  present  

was removed by passing t h e  argon through P205 before mixing. 

5$ and 0.5% mixtures were prepared 

The shock tube and assoc ia ted  equipment a r e  shown schemati-  

c a l l y  i n  Fig.  1. The tube was brass, 1 1/2" I . D .  ; scr ibed  

b ras s  diaphragms were used. The concent ra t ion  of t h e  CN radi-  

c a l  behind t h e  shock was followed by means of s p e c i f i c  ab- 

so rp t ion  spectroscopy. De ta i l s  of t h i s  method, and of t h e  

tube i t s e l f ,  have been given i n  our r e p o r t s  7 . The source was 

a f l a s h  tube containing l 0 m m  butane, 3mm n i t rogen  and 1 5 m m  

argon. With 200R r e s i s t a n c e  and s u f f i c i e n t  inductance i n  

s e r i e s  wi th  the  condenser bank, t h e  emit ted CN r a d i a t i o n  pulse  

-. was s u b s t a n t i a l l y  f l a t  f o r  500-600p~. F o r  nea r ly  a l l  t h i s  work 
0 

the  abso rp t ion  i n t e n s i t y  was measured a t  t h e  (0  - 0) (3883 A )  

band of t h e  B, 2Z+ + X, 2C+ (ground s t a t e )  of CN. A J a r r e l -  

Ash 8200 monochrometer wi th  251~. entrance and e x i t  s l i t s  was 

s e t  f o r  maximum s i g n a l  from t h e  f l a sh  tube. T h i s  corresponds 

t o  a bandwidth of 0.75A a t  t h e  head of t h e  P branch and en- 

compasses t h e  l i n e  from about J f 20 to J = 37. 

0 

Inc ident  
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shocks were run  to produce temperatures i n  t h e  range 2000 - 2800’~.  

I n  a d d i t i o n  t o  t h e  CNCl/argon mixtures, some shocks were run  w i t h  

CNC1/C12/argon mixtures,  with CNC1:  C 1 2  = 3: 1. 

mental d e t a i l s  a r e  summarized i n  Table I. 

Fur ther  exper i -  

PROPOSED MECHANISM 

The c h a r a c t e r i s t i c  form of t h e  curve f o r  CN concent ra t ion  

a s  a f u n c t i o n  of time behind the shock i s  a f a s t  i n i t i a l  r i s e ,  

a f l a t t e r  por t ion ,  and a f i n a l  r i s e  to t h e  equi l ibr ium value.  

T h i s  i s  shown i n  Fig.  2, Curve B. Under var ious  condi t ions  

t h e  i n i t i a l  reg ion  becomes too  shor t  ( A )  or t o o  small ( C )  to 

be observed. To account f o r  these curves t h e  following s i x  

r eac t ions ,  with t h e i r  inverses ,  a r e  pos tu la ted :  

CN + C 1  + A r  k1- , a) C N C l  + A r  ,k7 _. 

k2 ‘ C 2 N 2  + C 1  
b, CN + CNC1 ‘k, 

C 1 2  + C 2 N 2  
\k12 

f )  2ClCN 

The f a s t  i n i t i a l  r i s e  corresponds to t he  r ap id  production 

o f  CN i n  ( a ) .  This  CN i s  u s e d  up i n  ( b ) ,  which is very f a s t ,  

so  t ha t  a quasi-s teady s ta te  i s  reached. A s  more of t he  C N C l  



4. 
becomes converted to C2N2, (d) becomes important and (CN) finally 

rises t o  its equilibrium value. 

The rate equations f o r  the system are 

In the case where only CNCl and argon are present initially, the 

concentrations are related by 

I $, and ex- t =o These expressions can be simplified. 

press all the concentrations relative to 

Call (CNCl) 

8: 



+ Then 

where 

At t = 0 ,  x = 1 and all the other concentrations (except(AR)) are 

zero. 

No. 220 digital computer using the Runge-Kutta method. Initial 

time intervals of 1 ps were used; this was found to be adequate 

f o r  the first 10 psec. 

the later values being found individually by solving in decreasing 

steps: typically 20 ps. 

These equations were programmed for solution on a Burroughs 

The interval was increased progressively, 

APPROXIMATE SOLUTIONS FOR SHORT TIMES 

For the initial period there is an approximate analytic solu- 

tion. Taking reactions (a) and ( b )  alone, and neglecting the de- 
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pletion of C N C l  

(4) ( C N )  = (Ar) - K 1  (1 - e -K2 t) Then 
K 2  

This shows how the CN reaches a steady state concentration of 

K1(Ar) / K2. (Fig. 3a). In the next approximation include also 

reaction (d) : 

C2N2 4 A r  + 2 C N  f A r  

(b) is so rapid that, except, during the initial fast rise, nearly 

all the CN formed in (a) ends up as C2N2. Thus, neglecting C N C l  

depletion, (C2N2) % K 1 ( A r )  t. This will overestimate ( C 2 N 2 )  when 

t is small, but ( C 2 N 2 )  is itself small under these conditions. 

Hence (Fig. 3b) 

- 

Comparison with machine calculations shows that this is a good 

approximation for the initial period (Fig. 4), assuming the 

mechanism proposed above. 

From the above expression three quantities may be extracted, 

based on the initial portion of the experimental curve, (see 

Fig. 3b): 

i) The time at which the linear term starts to dominate the ex- 
ponential term in (5). This occurs when t z  3/K& = T 
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ii) t h e  value of (CN) a t  t = 0 ,  obtained by p ro jec t ing  backwards 
t h e  l i n e a r  po r t ion  of t h e  curve. C a l l  t h i s  A.. 

iii) t h e  s lope  of t he  l i n e a r  portion. Ca l l  t h i s  B. From (5) we 
see  t h a t  

THERMOCHEMISTRY 

I n  order  to r e l a t e  the observed shock v e l o c i t y  to tempera- 

t u r e  and composition of t h e  gas,  i t  i s  necessary t o  know t h e  

en tha lp i e s  of t h e  spec ies  present.  The values  used a r e  summar- 

i zed  i n  Table 11. The spec ies  considered a r e  

A r  CNCl CN c1 C 2 N 2  (312 C2 N2 

Shock temperatures were ca l cu la t ed  f o r  t h e  case o f  no r e a c t i o n ,  

and for var ious  equi l ibr ium condi t ions involving some or a l l  of 

t h e  above spec ies .  The equi l ibr ium cons tan ts  were formed f rom 

t h e  f r e e  energies ,  and a r e  l i s t e d  i n  Table 111. All t h e  thermo- 

chemical q u a n t i t i e s  were obtained from JANAF thermochemical 

t a b l e s  except t h e  heat  of formation of CN. As some doubt 

e x i s t s  as t o  t h e  value of t h i s  quan t i ty ,  f i v e  values  ranging 

from 91.2 to 109.4 kcal/mole were used. All t h e  k i n e t i c  ana- 

l y s e s  a r e  based on t h e  value 99.4, which make the  d i s s o c i a t i o n  

energy of cyanogen 125 kcal/mole 1 . The s i m i l a r  ana lyses  based 

on t h e  o t h e r  f o u r  values  have yet t o  be completed. 
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ABSOHPTION C O E F F I C I E N T ’  OF CN 

The absorp t ion  c o e f f i c i e n t  for CN was found by comparing the  

observed absorp t ion ,  when t h e  CN had reached equi l ibr ium, with tihe 

ca l cu la t ed  equi l ibr ium concentrat ion appropr i a t e  t o  t he  observed 

shock ve loc i ty .  I n  these  e q u i l i b r i a  t he  spec ies  considered were: 

The CN absorp t ion  remained f l a t  a f t e r  equi l ibr ium was reached. 

The r e s u l t s  (Fig.5) a r e  ra ther  s c a t t e r e d ,  because t h e  abso rp t ion  

i s  larage, and a small  error on t h e  osc i l l o scope  t r a c e  i n t r o -  

duces a l a r g e  e r r o r  i n  the  absorpt ion c o e f f i c i e n t .  It was not  

poss ib l e  t o  reduce e i t h e r  t h e  dens i ty  o r  temperature,  because 

t h e  t e s t i n g  t ime ( 4 0 0 ~ s )  would have been t o o  s h o r t  t o  permit 

t he  at ta inment  of  equtlibrium. Most of t h e  po in t s  a r e  f o r  5s 

CNCl/argon, f o r  t h i s  reason, though most  o f  t h e  k i n e t i c  a n a l y s i s  

i s  based on 1/2$ CNCl/argon. 

Emission from the  shocked gas  was n e g l i g i b l e  compared w i t h  

t h a t  from t h e  source ( t h i s  was shown experimental ly) .  Hence 

with x = 2.27 x when ( C N )  i s  measured i n  moles / l i t re .  

This  i s  about twice t h e  value found previously (l), from t h e  

d i s s o c i a t i o n  of C2N2, using a s i m i l a r  se t -up  (1.15 x 10 -6 ) .  

A N A L Y S I S  OF DATA 

I n i t i a l  Period: 

The experimental  curves give t h e  t r ansmi t t ed  i n t e n s i t y  r a t i o  

- v s  t ime, i n  l abora to ry  coordinates.  One must then deduce the  
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quantities A,B [see F3.g. (3b) a.nd eqs, (6) ,(7)] f r o m  these cwves. 9. 

If the total absorption is small, s3 that Kef: Eq. (8)  

(I, - I) : x I~(CN) = x I~ d 

intercepts and slopes (A’ and B’) may dipctly be estimated from 

the oscilloscope traces (Fig. 6)- 

B‘ = B x I,. 
PI 

where the factor (xIo) converts (CN) to I, and the density ratio 

p2 converts 
P 1  

neglecting the second term in (6), 

t o  the kinetic (particle f low)  time, On t~~~ 

Fig. (7) sk8ws a plot of l o g  ( I vs 1 for some 1/2% CNCl $, - 
shocks for which A/#J % 200 K1/K2. In theory K2 can be found 

from the time taken for a quasi-steady-state concentration to 

appear. However, these results show a large scatter, (Fig. 8), 

as they are based on a very small portion of the oscilloscope 

trace. 

The activation energy of reaction (b) must be low (cf. Table 11). 

A value of 6 kcal was selected and a line drawn through the points 

of Fig. 8. 

f o r  (KL/K2) ,  the values of B can be used to derive K4. The 

points are shown on Fig. 9. Finally, from K4 and K2, K1 may be 

With this value for K2, and the above approximation 
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ca lcu la t ed  based ~n the  e x p e r i m n t a l  v a l m s  r ~ f  A ,  on t h e  b a s i s  

of t h e  exact fcrrnula ( 6 ) .  The point; are  shown i n  Fig.  10. 

These r e s u l t s  a r e  nore consistent thaa ara the poiri.ts p l o t t e d  

i n  Fig.  7 because of the i nc lus ion  of t he  second term i n  Eq. ( 6 ) .  

Curve F i t t i n g :  

The above procedure gave s u i t a b l e  i n i t i a l  t r i a l  values  f o r  

K1, K2 and K4. Then K3, K5 and K6 were est imated and t r i a l  c a l -  

c u l a t i o n s  run on a d i g i t a l  computer. The r a t e  cons tan ts  were 

assumed t o  have t h e  form Ae with magnitudes for t h e  para- 

meters i nd ica t ed  a s  ' F i r s t  T r i a l ! ,  l i s t e d  i n  Table IV.  The 

c a l c u l a t e d  curves (a)  a r e  shown, superimposed on t h e  exper i -  

mental r e s u l t s ,  i n  Figs.  11, 12. On t h e  whole they r i s e  too 

r ap id ly .  Hence, a second t r i a l  f i t  was made (b )  with a reduced 

value for t h e  pre-exponential  f a c t o r  of K4 (cyanogen d i s so -  

c i a t i o n  r a t e ) .  

A t h i r d  s e t  of curves computed with s l i g h t l y  ad jus t ed  

values ,  i s  shown i n  Figs.  13 - 15. I m r e a s i n g  K3 makes t h e  

s low-ris ing curves faster without a l t e r i n g  t h e  r ap id  ones. 

However, t h e  curves a r e  f a i r l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  

K3. Reaction ( f )  i s  t o o  s low to be important.  

The d i s s o c i a t i o p  of chlor ine ,  r e a c t i o n  ( e ) ,  i s  c e r t a i n l y  

f a s t e r  than  t h e  K5 used. However, t h e  main supply of C1 atoms 

i s  r e a c t i o n  ( b ) ,  and t h e  equcilibrium l i e s  wel l  over to d i s so -  

c i a t e d  s ide ;  t h e  process C 1 2  _j 2 C 1  i s  not s i g n i f i c a n t  i n  t h e  

mechanism. Introducing a much l a r g e r  Ks, woxld r e q u i r e  t h a t  
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. the integration be performd with much s-mllez. steps. 

Several curve fits for 5$ CNCl/Ar mixtures are given in 

Fig. 16. For this concentration there is a larger temperature 

change caused by the reaction. Kinetic curves are shown corn- 

puted for the fno-reactionr and the fequilibriuml temperatures. 

The former give much better fits, as would be expected. 

CONCLUSIONS 

Although the reaction is too complex to analyze completely, 

the mechanism given, together with reasonable rate constants, is 

capable of representing the shape and variation of the observed 

cyanogen concentration with time. The ratio of rates (a) and (b) 

a) CNCl + CN = CN + C1 + Ar 

b) CNCl + CN = C2N2 + C1 

has been found directly to be 

Ke has been placed as to its order of magnitude (Fig. 

best fits for the observed curve were computed with a value for 

8) .  The 

14.23 e-100J400/Rt the dissociation rate constant for C2N2 of 10 

litres/mole see which is almost identical with that reported 
I previously . These rates lead indirectly to a value for 

(CNC1 + Ar + CN -t- C1 + Ar) of K1 = 10 13.53 e-91,500/RT 

litres/mole see. 
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TABLE I1 

AHo f o r  reactions a-f a t  2000°K and 2800’K kcal/mole, 

assuming AHform 0 (CN) = 99.4 

AHg800 96.64 -25.39 35.32 122.03 61.32 9-93 



TABLE I11 

E Q U I L I B R I U M  CONSTS. K FOR R E A C T I O N S  a-f 
C 

assuming A H f ( C N )  = 99.4 kcal/mole 

u n i t s :  rnoles/litre 

2000 -5.847 1.969 -3.375 -7.816 -2.471 -1.406 

2200 -4.930 1.709 -3.020 -6.640 -1.911 -1.311 

2400 -3.834 1.400 -2.593 -5.234 -1.240 -1.193 

2600 -2.978 1.160 -2.262 -4.138 -0.716 -1.101 



TABLE I V  

PARAMETERS USED I N  CURVE F I T T I N G  

-E/RT Rate constants are of form: K = Ae 

curve f i t  (i) (ii) (iii) 
E 

log10 A ( 1) 13.53 13.53 13.53 91.5 

( 2 )  10.05 10.05 10.05 6 i r  

( 3 )  10 10 11 34 11 

I f  (4) 14.61 14.3 14.23 100.4 

(5) 10 10 10 40.6 

(6) 10 10 10 60 

1 1  

I 1  
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